In many tropical regions, the rapid expansion of monoculture plantations has led to a sharp 12 decline in forest cover, potentially degrading the ability of watersheds to regulate water flow. 13 Therefore, regional planners need to determine the minimum proportion of forest cover that is 14 required to support adequate ecosystem services in these watersheds. However, to date, there 15 has been little research on this issue, particularly in tropical areas where monoculture 16 plantations are expanding at an alarming rate. Therefore, in this study, we investigated the 17 influence of forest cover and oil palm (Elaeis guineensis) and rubber (Hevea brasiliensis) 18 plantations on the partitioning of rainfall into direct runoff and subsurface flow in a humid, 19 tropical watershed in Jambi Province, Indonesia. To do this, we simulated a streamflow with 20 a calibrated Soil and Water Assessment Tool (SWAT) model and observed several 21 watersheds to derive the direct runoff coefficient (C) and baseflow index (BFI). The model 22 had a satisfactory performance, with Nash-Sutcliffe efficiency values of 0.80-0.88 23 (calibration) and 0.80-0.85 (validation), and percent bias values of −2.9 to 1.2 (calibration) 24
deforestation (Wicke et al., 2011; Vijay et al., 2016; Gatto et al., 2017) , biodiversity loss (Fitzherbert et al., 2008; Koh and Wilcove, 2008; Wilcove and Koh, 2010; Carlson et al., To ensure that the C and BFI values obtained from the macro watershed simulations 144 (particularly those sub-watersheds that were dominated by oil palm or rubber) reflected the 145 real observed values in the field, we carried out the direct C measurements in two small 146 watersheds in the study area (Fig. 1c) . These small watersheds were covered with 90 % oil 147 palm and 80 % rubber plantations, respectively. planted in rows at planting distances of 8 and 4 m, respectively. In oil palm plantations, there 153 are two types of paths between the planting rows: the harvest path, which is used to transport 154 freshly harvested fruit bunches, and the so-called death path, which is used for piling pruned 155 leaf fronds, which occupy approximately 2 m or one-quarter of this path. Both oil palm and 156 rubber require very intensive harvesting activities, which occur twice per month for oil palm 157 and almost daily for rubber; thus, soils along the harvest path and part of the death path are The SWAT model is a continuous long-term yield model that was developed to simulate the 164 impact of different land cover/management practices on streamflow in complex watersheds 165 with varying soil, land use, and management conditions over long time periods. The major 166 model components include weather, hydrology, soil temperature, soil properties, plant 167 growth, nutrients, and land management (Neitsch et al., 2011; Arnold et al., 2012) .
168
During the modeling process, the watershed is subdivided into several sub-watersheds, 169 which are themselves further partitioned into hydrological response units (HRUs) that are defined by their topography, soil, and land use characteristics. The hydrological outputs of 171 HRUs are calculated using the water balance equation and include total streamflow, surface 172 flow and baseflow. These output components can then be used to calculate indicators of the 173 water flow regulation functions of a watershed, namely C, which is the ratio of direct runoff 174 to rainfall, and BFI, which is the proportion of baseflow in the streamflow.
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Because the SWAT model was designed for temperate regions, adapting crop parameter 176 inputs for use in tropical regions is necessary (Van Griensven et al., 2014) . To avoid incorrect 177 parameterization of sensitive values, we carried out field measurements for interception, 178 infiltration, and surface runoff to adapt the parameter values, particularly those that control 179 surface runoff and baseflow processes. We then performed SWAT model simulation in two 180 study watersheds and conducted small watershed experiments to compare the observed C 181 values with those obtained from simulations. 
Model setup 183
Delineation of watersheds and their sub-watersheds in our study area was automatically 184 performed by the SWAT model and was based on a digital elevation model (DEM) with a 30 185 m resolution. During this automatic delineation, we pre-defined 50 000 ha as a threshold for 186 the minimum sub-watershed area, based on which the BH and MT watersheds were 187 subdivided into 25 and 23 sub-watersheds, respectively.
Crop parameters 189
Oil palm plantations exhibit specific characteristics, particularly with respect to rainfall 190 partitioning. These characteristics include high interception, high ET, low soil infiltration, 191 high proportion of surface runoff, and absence of leaf litter, of which the first four can 192 potentially reduce baseflow. Therefore, to consider these specific characteristics, we 193 conducted field measurements and adjusted several crop parameters that are related to flow 194 components, including canopy storage (CANMX), plant uptake compensation factor (EPCO), CANMX is the maximum amount of water that can be stored in the canopy and trunks of 198 fully developed trees. Thus, an increase in this parameter reflects a reduction in the amount of 199 rainfall that reaches the ground. In oil palms, rainfall is intercepted not only by leaves and 200 branches but also by water reservoirs in leaf axils along the trunk. Therefore, we measured 201 the water storage capacity of leaf axils along the trunks of four 10-12 years old oil palm trees 202 with 10 replications per tree. We found that the leaf axils along the trunk can store up to 20 L 203 or 8.4 mm of water (Table 1) , which matches previous reports that the leaf axils along oil 204 palm trunks have a high water storage capacity (Merten et al., 2016; Meijide et al., 2017) . measuring throughfall and stemflow and subtracting these from the incident rainfall. In total, 209 there were 30 rainfall events during this time, representing light-to-heavy rain. We found that 210 oil palm plantations tended to exhibit higher levels of canopy interception (Fig. 2) , with our 211 estimates falling within the range of values that were previously reported for tropical forests day −1 ) using Edy covariance measurements in the study area. This ET rate is similar to or even higher than ET rates for forests in Southeast Asia (Kumagai et al., 2005) , despite oil 228 palm having a much lower stand density and biomass per hectare. Therefore, we accordingly 229 adjusted EPCO, which is related to ET (Table 2) . infiltration rate in different land-use types increases in the following order: oil palm harvest 239 path (3 cm h -1 ) < oil palm circle (3 cm h -1 ) < rubber harvest path (7 cm h -1 ) < between rubber 240 trees (7.8 cm h -1 ) < forest (47 cm h -1 ). The infiltration in the oil palm, rubber plantations were 241 markedly lower than those at the forest. Low infiltration rate in the oil palm is associated with 242 the soil compaction due to the intensive harvest activities.
243
For all HRUs with oil palm and rubber land uses, we selected HSG category D ( The SWAT model required additional input data to the crop parameters described above, 264 such as the climate, topography, soil type, and land use for each sub-watershed (Table 3) .
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Following the sensitivity analysis, we calibrated the SWAT model using the Latin 291 hypercube sampling approach of the SWAT-CUP software. We first determined parameter 292 ranges based on the minimum and maximum values allowed in SWAT. We then performed watersheds from the MT watershed ( Fig. 3a and b ; Table 4 ). Sub-wat. nr, sub-watershed number (see Fig. 3a and b) ; F, forest; AF, agroforest; RP, rubber 319 plantation; OP, oil palm; S, shrubland. 320 321 We carried out the direct C measurements from two small watersheds (Fig. 1c) The average C value was based on nine individual rainfall events during the field experiment.
Measured C values

332
The observed C values that were measured during two small watershed experiments was 0.59 (Table 5 ). This value was comparable with the averaged simulated values of 0.60 for sub-334 watersheds with comparable proportions of land use type with those of the small watershed 335 experiment (Table 6) . Table 6 . Simulated C values for the sub-watersheds used in the SWAT simulation (Table 4) 339 that had similar percentages of plantation cover to the two small watersheds used in the field 340 experiments 341 Sub-watershed code (see Table 4 allowing a comparison to be made with the small watersheds used in the field experiment 343 3.2 SWAT model performance 344 The sensitive parameters that were included in the calibration of the SWAT model are ranked 345 in Table 7 . Some of these parameters play an important role in controlling the initial 346 abstraction of rainfall (e.g., CANMX), rainfall partitioning into surface runoff (e.g., CN2 and 347 OV_N), and vertical movement of water through the soil (e.g., SOL_BD, SOL_K, and 348 SOL_AWC). shown in Fig. 4 . Overall, the model performance was satisfactory, with NSE values of 0.80- The proportion of a particular land use type in a sub-watershed was significantly correlated 363 with C and BFI values obtained from 48 data vectors (Table 4) . C values significantly 364 decreased as the percentage of forest cover increased (R 2 = 0.73; p < 0.05; Fig. 5a ) and 365 significantly increased as the percentage of plantation cover increased (R 2 = 0.74; p < 0.05; 366 Fig. 5b ). Low infiltration capacity in oil palm and rubber plantations was the reason for 367 higher C values in the sub-watersheds with high proportions of the plantation land use. There 368 were no significant associations between C values and any of the other land use types such as 369 shrubland (Fig. 5c ), agroforest (Fig. 5d ), and dryland farming (data not shown which will increase C and decrease BFI. Among the 48 sub-watersheds we considered, only 376 two had these slope characteristics. Decree, 2013). Based on our findings, at least 30 % of the forest covers ( Fig. 5a ) and no more 385 than 40 % of the plantation cover (Fig. 5b) are required in the sub-watershed to achieve the 386 required C value. 
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BFI values significantly increased as the percentage of forest cover increased (R 2 = 0.78; p 391 < 0.05; Fig. 6a ) and significantly decreased as the percentage of plantation cover increased 392 (R 2 = 0.83; p < 0.05; Fig. 6b ). BFI was not significantly related to any other land use types 393 such as shrubland ( Fig. 6c ), agroforest (Fig. 6d ), and dryland farming (data not shown). 
